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Non-covalent interactions have an enormously significant role in chemical as well as biological systems, 1,2 especially intramolecular non-covalent interactions that define the stability and the molecular conformation of the compound. 3 The increase in the number of fluorinating agents demand the detail investigation of intramolecular interactions for modern structure-based design strategies in organofluoro compounds. 4 Due to the high electronegativity and lesser polarizability of the fluorine atom, the existence of a possible interaction between F and O is deemed questionable. However, the scope for the existence of an intuitive FÁ Á ÁO interaction will exist only when the carbon bonded fluorine atom is in an environment connected to sufficient electron withdrawing group/groups. 5 The anisotropic electron distribution around the halogen atom leads to a decrease in the repulsion and an increase in the electrostatic attraction in XÁ Á ÁN/O. 6 According to Allen et al., 6 based on the CSD study, the interaction between F and related electronegative atoms does not occur at all. The strength of the investigated interactions is strongly dependent on the geometrical parameters and the underlying concept of the existence of the s-hole. ) has an important role in overall molecular conformation towards planarity in conjugated polymers and small molecules. 9 Furthermore, an intramolecular SÁ Á ÁO interaction, reported previously determines the stereoselectivity in an asymmetric Pummerer reaction. 10 The existence of halogen bonding involving the heavier halogen atoms Cl/Br/IÁ Á ÁN/O (intramolecular) 11 is well known in the literature. To date, however, there is no experimental evidence in favor of the existence of a possible short C-FÁ Á ÁOQC contact. In the current study, we have used the method of in situ cryocrystallization and observed the possibility of parallel alignment of C-F and OQC; C-Cl and C-H bond dipoles in the crystal structures of polyfluorinated benzoyl chlorides [12] [13] [14] (Scheme 1). The cryocrystallization of the parent compound i.e. benzoyl chloride (BC), (Fig. S1-S11 and Tables S1 and S2, ESI †) has also been performed for a comparison of the electronic features in the absence of the C-F bond. The most notable feature is the observation of a short intramolecular contact between the fluorine and the oxygen atom which is observed in the case of ortho fluoro substituted benzoyl chloride and related compounds in the presence of intramolecular short C-HÁ Á ÁCl contact. To investigate into the nature and energetics of these contacts, a detailed investigation of the planar geometry was performed. This was further supported via detailed input from QTAIM, 15, 16 distributed atomic polarizability, 17 NICS 18, 19 method and the NCI descriptor [20] [21] [22] to characterize these contacts in the solid state (Computational methodologies in ESI †). Interestingly, in the molecular conformation of 2-fluoro benzoyl chloride (2FBC) the torsion angle between the benzoyl group and the fluoro phenyl ring is 51 in the solid state and this value is 01 for the optimized geometry (Fig. 1) . Furthermore, in the solid-state, the trends in molecular conformation for different cryocrystallized liquids are in the range of 3.5-17.01 ( Fig. S12 and Table S3 , ESI †). Only in case of 26DFBC is the -COCl group more relaxed (53.01) when compared to the solid state geometry (44.11) for both the symmetry independent molecules (Fig. 1 ). In the solid state geometry, the distance between the fluorine and oxygen atom is in the range of 2.637 to 2.776 Å (inter-nuclear distance) whereas the distances for HÁ Á ÁCl contact are 2.62 Å and 2.54 Å, and the directionalities are 1041 and 1061 in case of BC and 2FBC respectively.
In order to understand comprehensively the role of these contacts in ''conformational lock'' and overall stability, a conformational analysis has been performed for 2FBC and 26DFBC_1. The relative potential energy vs. the dihedral angle plot around the C-C bond connecting the -COCl group with respect to the aryl ring shows that the nature of the plot for 2FBC is opposite to that observed in the case of 26DFBC_1 (Fig. 2) . In 2FBC, the conformation corresponding to the minimum potential energy leads to the -COCl group and the phenyl ring in the same plane whereas in the case of 26DFBC_1, the molecular geometry does not correspond to a minimum. The relative energy difference between the planar conformation (01) and the -COCl group aligned normal to the ring plane (901) is 4.38 kcal mol À1 in case of 2FBC and 6.5 kcal mol À1 in case of BC.
This is indeed noteworthy on account of the fact that the resonance assisted delocalization of electron density from fluorine to the benzoyl group decreases the electrophilicity of the carbonyl carbon. This in turn reduces the overall bond dipole moment for C-Cl bond resulting in overall reduced stability for the molecular conformation in case of 2FBC when compared with BC. This is also reflected in the fact that for a conformational change of 201, the energy change for 2FBC is lower in comparison to 2BC. Thus, the analysis clearly reveals the stabilizing role of the C-FÁ Á ÁOQC contact in the presence of intramolecular C-HÁ Á ÁCl contact to adopt the existing geometry.
To understand further the nature of the intramolecular FÁ Á ÁO and HÁ Á ÁCl contact, a detailed QTAIM analysis was performed to obtain the topological parameters for all fluorinated benzoyl chlorides ( Fig. 3 and (Table 1 and . S13 and Table S4 , ESI †) in the absence of any other intramolecular contact. Theoretical multipole charge density refinement (from XD) on the experimentally observed geometry (Fig. S15-S17 , ESI †) of 2FBC reveals that the electron density and the Laplacian at the BCP for the intramolecular C-FÁ Á ÁOQC contact are 0.093 e Å À3 and 1.758 e Å
À5
; the values are 0.102 e Å À3 and 1.612 e Å À5 at the BCP for ClÁ Á ÁH contact, establishing the closed-shell nature of these contacts and qualifies this is a ''bonding interaction''. Fig. 4 shows the static Fig. 1 Change in molecular conformation from the solid state to the gas phase geometry for 2FBC and 26DFBC_1 respectively. 3D deformation density map for 2FBC obtained from multipole refinements. The charges, from the integration of the atomic basin, on the carbon atoms attached to -COCl and -F group are 0.63 and 0.44e, respectively, thereby indicating the charge deficient regions (in red) on these atoms which support the charge concentration regions (in blue) present on the electronegative atoms fluorine and oxygen. To investigate, the ''lock'' mechanism an understanding of the influence of the -COCl group on the vicinal atoms (F1, H2 and H6) in terms of distributed atomic polarizability in BC and 2FBC will be helpful. The distributed atomic polarizability has been calculated using QTAIM based topological partitioning of the electron density for BC and 2FBC using PolaBer. 26 In Fig. 5 , we have compared the atomic polarizabilities of BC and 2FBC (Table S6 , ESI †). The polarizability ellipsoid of the oxygen atom in BC is elongated along the covalent bond, however in 2FBC, the inclusion of the fluorine atom alters the direction and the volume of the ellipsoid. In addition the polarizability ellipsoid of oxygen in 2FBC is more anisotropic when compared to BC (a iso & V A in Table S6 , ESI †). Large deviations were also noticed in the polarizability tensor component of oxygen in BC compared to the oxygen of 2FBC; for example, a 22 in BC was found to be 3.668 a.u., whereas in 2FBC it is 9.905 a.u. Ellipsoid axes depict the anisotropy of the atomic polarizability, thus in 2FBC, atomic electron density of oxygen is more polarized towards fluorine which operates ''through space''. It was also observed that the atomic electron density of H6 is more polarizable (a iso for H2 and H6 are 1.930 a.u. and 2.488 a.u. in BC; a iso for H6 is 2.422 a.u. in 2FBC) than that of H2 (not involved in intramolecular contact) in BC due to HÁ Á ÁCl contact. As a consequence, the polarizability ellipsoid of H6 in BC and 2FBC is oriented towards the direction of the HÁ Á ÁCl contact. This can also be justified from the atomic charges (obtained from XD) on fluorine and oxygen being À0.74e and À1.23e, respectively (wherein, the atomic charges for Cl and H are À0.44e and 0.08e respectively), and hence the effect of the former atom on the latter. Furthermore, to characterize the aromaticity of the fivemembered ring associated with intramolecular C-FÁ Á ÁOQC contact, nucleus-independent chemical shift (NICS) analysis has been performed up to a 2 Å distance from the ring critical point (RCP) along the normal to the ring plane with an interval of 0.1 Å. NICS(0) zz . The value of the diatropic ring current for s + p-electron delocalization at the RCP is À17.82 ppm (Fig. 6) , whereas the diatropic ring current only for p-electron delocalization NICS(1) zz value at 1 Å above the ring plane is À3.83 ppm, indicating the presence of aromaticity due to the phenomenon of resonance delocalization, the planar geometry being a pre-requisite for the same. In addition to this, the delocalization index 27 [d(F, O)] for C-FÁ Á ÁOQC contact was found to be 0.0614e ([d(H, Cl)] is 0.0571e), which indicates that the average number of delocalized electrons between two interacting atoms (from AIMALL) is comparable to those of intermolecular H-bonds. 28 Furthermore, we have investigated the NCI region surrounding the BCP in terms of the reduced density gradient (RDG) isosurfaces in real space. The sign of the second eigenvalue (l 2 ) of the Hessian matrix distinguishes whether the intramolecular C-FÁ Á ÁOQC and C-HÁ Á ÁCl-C contact are stabilized (l 2 o 0) or destabilized (l 2 > 0) (Fig. S18-S25 and Table S7 , ESI †). The RDG isosurfaces for fluorinated benzoyl chlorides are shown in Fig. 7 with the color range of À0.03 o r * sign (l 2 ) o 0.03 a.u. The analysis reveals the NCI trough (around the bond critical point) is a combination of a green RDG isosurface with negative eigenvalue (l 2 o 0) corresponding to a weak interaction between (F, O) and (H, Cl) atom, and a blue RDG isosurface (l 2 > 0) corresponding to the ring critical point (Fig. 7) . The plot of RDG vs. sign (l 2 ) * r for 2FBC gives one spike in the negative region with a value of À0.02 a.u. further supporting the existence of dispersive vdW interaction (Fig. S26 , ESI †) that stabilized the planar molecular conformation with a minimum C-FÁ Á ÁOQC distance and a short ClÁ Á ÁH contact.
To summarize, we report here the first crystallographic evidence of an intramolecular C-FÁ Á ÁOQC contact observed in fluorosubstituted benzoyl chlorides which are a very common precursor in organic synthesis. The aim of this study was to investigate and characterize the existence of this contact in the presence of C-HÁ Á ÁCl contact, which facilitates a ''conformation locking'' mechanism along with global stabilization via the existence of the planar conformation. It is well supported by QTAIM analysis, theoretical multipole refinement, distributed atomic polarizability calculations, NICS and NCI-RDG analysis around the (3, À1) BCP which establishes it as a ''bonding interaction''. Atomic electron density of the oxygen atom in 2FBC is more polarized towards FÁ Á ÁO contact which is very well supported by the NCI approach, which establishes the dispersive nature responsible for the stabilization of the molecular conformation in the solid state. Hence, this study is significant, keeping in mind that dipole-dipole interactions govern the reactivity of organic molecules and this factor plays an important role in the elucidation of the mechanisms for certain classes of organic reactions. Futuristic studies shall aim towards the investigation of the effect of different electron donating and withdrawing substituents on the nature of the C-FÁ Á ÁOQC contact. 
